Transplantomics is the study of genomics, transcriptomics, epigenomics, metabolomics, and proteomics in transplantation. Omics may help in early diagnosis of acute and chronic rejection, delivering personalized immunosuppression and diagnosis of infections and cancers. [1] genomiCs Genomics deals with analysis of genes.
introdUCtion
Transplantomics is the study of genomics, transcriptomics, epigenomics, metabolomics, and proteomics in transplantation. Omics may help in early diagnosis of acute and chronic rejection, delivering personalized immunosuppression and diagnosis of infections and cancers. [1] genomiCs Genomics deals with analysis of genes.
How it is done?
It can be done by the following methods: (i) candidate gene approach which analyses associations between predefined genes and the given trait of interest. It is less expensive and simpler; however, it can miss rare diseases. (ii) Genome-wide association study (GWAS) can scan millions of common genetic variants across the entire genome to find variants that associate with the trait of interest. (iii) Whole-genome sequencing examines both rare and common variations and scans entire genome. GWAS scans are significantly cheaper than whole-genome sequencing; however, they are limited by their low affinity for capturing rare variants. (iv) Whole-exome sequencing examines specifically the coding regions of all genes present in the given organism. [1] 
Clinical utility
Human leukocyte antigen (HLA) system is critical to long-term transplant outcome; however, close matching between donor and recipient for HLAs does not guarantee good allograft outcome. This has led researchers to explore genetic effects outside of the HLA locus. Genomics finds clinical utility in transplantation for these non-HLA loci as shown in the following examples: (i) APOLI gene is related to chronic kidney disease in Africans. APOLI gene is positively selected in Africans to impart resistance to Trypanosoma brucei rhodesiense infection. It has been identified that if the donor has two APOLI gene variants named G1 and G2, the transplant outcomes are poor [2] (ii) ABCB1 gene polymorphism in the donor is associated with poor outcomes in the graft as it interferes with metabolism of calcineurin inhibitors [3] (iii) Donor variant of the gene encoding caveolin-1 (plasma membrane protein involved in G-protein signaling) is found to have an association with allograft failure [4] (iv) Donor/recipient whole-exome sequencing can be used to estimate all cell surface antigen mismatches [5] (v) Three single-nucleotide polymorphisms found in TCF7L2, CDKAL1, and KCNQ1 have been implicated in NODAT [6, 7] (vi) Genes such as GSTM1 and MTHFR are linked to posttransplant nonmelanoma skin cancers while CACNA1D and CSMD1 polymorphisms in genes and complete loss of the short arm of chromosome 9 are associated with squamous cell cancers (SCCs) and other cancers. A number of oncogenic pathways that are activated in SCC include the nuclear factor-kappa B (NF-κB) and tumor necrosis factor (TNF) pathways. Furthermore, RAS and MYC, which regulate apoptosis, tumorigenesis, and cellular proliferation, are activated in SCC [8] (vii) Common variants in the CYP3A4, CYP3A5, P450 oxidoreductase, and cytochrome b5 (CYB5A) alleles are responsible for tacrolimus metabolism and influence tacrolimus levels. [9] Thus, genomics may help in improving outcomes by enabling personalized therapy.
transCriptomiCs
DNA is transcribed into RNA. Measurement of this messenger RNA (mRNA) is very useful to determine the processes happening at cellular levels. A quantitative assessment of the complete set of these mRNAs is termed transcriptomics.
How is it done?
There are two main methodologies applied in this field -probe-based microarrays and RNA sequencing (RNA-seq).
Microarrays are used to analyze predefined targets, whereas RNA-seq uses deep-sequencing technologies to examine all sequences present in the given sample. Transcriptomics can be done on allograft or on peripheral blood cells.
Clinical utility Allograft transcriptomics
Halloran has performed molecular analyses of allograft biopsies to enrich the standard pathology approach by this molecular microscope strategy. [10] (i) It can detect allograft upregulation of T-cell-related/ immune transcripts (e.g., chemokines, CD3, forkhead box P3 (FOXP3), interferon-gamma (IFN-γ), Fas/FasL, perforin, and granzyme B) in rejection. These changes can be recognized before histological changes in biopsy. Seventeen gene panels in kidney solid organ response test predict rejection (both antibody mediated and cell mediated) 3 months before clinical event. [11] (ii) Genomics of Chronic Allograft Rejection consortium panel includes a set of 13 gene transcripts, which is predictive for the development of allograft fibrosis between 3 and 12 months, as well as early allograft loss at 2 or 3 years. [12] (iii) Twenty-one genes involved in tolerance were identified at the University of California, San Francisco, in the program kidney spontaneous operational tolerance test. A three-gene assay (KLF6, BNC2, and CYP1B1) correlates with operational tolerance and a significant shift toward dendritic cells as well as B-lymphocytes and NK cells. [13] Peripheral blood cell transcriptomics (i) AlloMap test can identify mRNA of 11 genes in peripheral blood to identify rejection. [14] Furthermore, a peripheral blood five-gene test -DUSP, PBEF1, PSEN1, MAPK9, and NKTR [15] -was developed to identify AR. (ii) A 33 gene peripheral blood gene expression panel can predict a tolerant state, i.e. reduced costimulatory signaling, apoptosis, and immune quiescence with memory T-cell responses. [16] A greater number of regulatory T-cells expressing the transcription factor FOXP3 (FOXP3+Tregs) are observed in peripheral blood of tolerant patients versus those with chronic rejection.
MicroRNA
MicroRNAs (miRNAs) are short endogenous noncoding RNA molecules (~22 nucleotides in length) that bind complementary sequences of target mRNAs and inhibit their translation and thus inhibit gene expression. They are key posttranscriptional gene expression regulators. A number of studies have investigated associations with miRNA and gene expression profiles in nonmelanoma skin cancers. A role in the pathogenesis of posttransplant delayed graft function (DGF) was found for two miRNAs: MiR-182-5p and miR-21-3p. [17] Thus, transcriptomics and miRNAs can aid in early diagnosis of rejection, tolerance, DGF, and even cancers.
epigenomiCs
Epigenomics is the study of epigenetic modifications, such as histone modifications and DNA methylation, across the entire genome. There is an alteration of chromosome without alteration of DNA sequence and this change is heritable. Epigenetic modifications can suppress the expression of target genes. Methods for analyzing epigenetics include quantification of global methylation through high-performance liquid chromatography and DNA methylation analysis through whole-genome bisulfite sequencing.
Clinical utility
(i) Hypomethylated genes in transplant recipients are associated with allograft rejection [18] and with a large number of cancers in transplant populations, including SCC. Cold ischemic time of 4 h induces aberrant demethylation of the promoter of complement factor gene (C3), a key regulator of innate immunity, increasing its expression in the donor kidney. [19] metabolomiCs
What is it?
It is the study of chemical processes involving small metabolites (defined as <1500 Da) in a specific matrix, i.e., urine or blood. Metabolomics is affected by environment and the microbiome and is constantly changing and hence more complex than the genome and proteome. [20] 
Utility in transplantation
Some of the examples of the use of metabolomics in transplantation are as follows: (i) It is known that IFN-γ ELISPOT positivity before transplantation correlates with risk of posttransplant acute cellular rejection (ACR) and/or poor graft function. [21] T-cell reactivity index (panel of reactive T-cell [PRT] ) is performed using a pool of donor cells; pretransplant PRT results correlate with an elevated risk of posttransplant allograft injury. [22] Metabolomics provides an added platform for the diagnosis of acute rejection (AR) by measuring plasma levels of NF-κB, STAT1 and STAT3, mannose-binding lectin (MBL), interleukins or interferons, etc (ii) Quantification of donor-origin cell-free DNA in recipient blood or urine using metabolomics has potential diagnostic utility for detecting rejection (AlloSure) [23] (iii) sCD30 is a glycoprotein expressed on human CD4+CD8+T-cells that secretes Th2-type cytokines. SCD30 can be measured by metabolomics and is a predictor of AR [24] (iv) ATP generation by mitogen-stimulated CD4 lymphocytes (ImmuKnow assay) [25] measured by metabolomics is an Food and Drug Administration-approved biomarker that is potentially informative in transplant recipients. Results are reported as "within normal limits," high (suggesting underimmunosuppression), or low (suggesting overimmunosuppression).
Thus, metabolomics provides a reliable indication of kidney function, kidney injury, and immunosuppressive drug toxicity.
How it is done?
The methodology used in metabolomics includes gas chromatography-mass spectrometry, liquid chromatographymass spectrometry, capillary electrophoresis, gel electrophoresis, and matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) mass spectrometry. Nuclear magnetic resonance spectroscopy is another metabolomics technique which does not rely on separation of the analytes, and the sample can thus be recovered for further analyses.
proteomiCs

What is it?
Proteomics can assess the complete set of proteins (proteome) in a specific matrix, i.e., urine or plasma.
Plasma proteomics
Freue et al. found that seven proteins were upregulated in the plasma of patients with AR, including connectin (TTN), lipopolysaccharide-binding protein, peptidase inhibitor 16, complement factor D, MBL2, recombinant SERPINA10 protein , and beta-2-microglobulin. [26] 
Urinary proteomics
It is like a liquid renal biopsy. Seventy percent of proteins in urine are from the kidney while 30% are from the plasma.
Utility in transplantation
Conventional renal biopsy may miss focal changes in the kidney and is invasive. Urine proteomics does not have this limitation. Some examples of clinical utility include the following:
i. AR shows TNF, matrix metalloproteinase, uromodulin, and beta-2-microglobulin, etc., in urine. Suthanthiran described Rejectostix in urine, i.e., three-gene signature (CD3ε, IP-10, and 18S rRNA) which distinguishes ACR from non-ACR with high accuracy. This biomarker is detectable before the clinical recognition of the rejection episode. [27] Rabant et al. showed that urinary CXCL9 was a strong predictor of T-cell-mediated rejection, while CXCL10 showed a better performance to diagnose antibody-mediated rejection. [28] FOXP3 mRNA in urinary cells is higher in patients with biopsy-confirmed AR [29] ii. Kidney injury molecule, neutrophil gelatinase associated lipocalyn, and fatty acid binding protein in donor urine predict delayed graft function in deceased donor transplants. [30] (iii) Urinary N-acetyl-β-D-glucosaminidase was found to be specific for CyA-related toxicity.
Thus, proteomics, especially urine proteomics, provides a noninvasive tool for the detection of transplant complications.
ConClUsion
A number of genomic, transcriptomic, metabolomic, and proteomic studies are being carried out in recent years. These studies are vital for the development of biomarkers to signal the onset of posttransplant morbidities as well as early predictors of graft failure. Currently used biomarkers such as serum creatinine and albuminuria are insensitive, nonspecific, and signal graft dysfunction after the event. However, omics markers need to be further validated to make them suitable for clinical use in transplant patients.
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